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SUMMARY 

Direc t  microscopic observat ion of c r y s t a l s  growing i n  molten oxides made 
poss ib l e  by t h e  micro-furnace previously descr ibed has shown t h a t  both y t t r i a  
and more p a r t i c u l a r l y  lanthana markedly decrease t h e  r a t e  of c r y s t a l  growth i n  
t h e  c o r d i e r i t e  f i e l d .  This observat ion confirms t h e  bas i c  hypothesis of t h i s  
cont rac t  t h a t  t h e  l i ke l ihood  of g l a s s  formation i n  a given system must be 
regarded as a r a t e  phenomenon as taught  by R .  W. Douglas. 

An important a t t r i b u t e  of g l a s s  f i b e r s  i s  t h e i r  s t r eng th .  Unfortunately 
g l a s s  f i b e r s  un less  t r e a t e d  chemically t o  p ro t ec t  them from t h e  atmosphere a t  
t h e  t ime of t h e i r  manufacture rap id ly  d e t e r i o r a t e  i n  s t r eng th  so t h a t  t h e  measure- 
ment of t h i s  property must be made on v i rg in  g l a s s  f i b e r s  immediately a f t e r  
prepara t ion .  
how t o  a t t a i n  t h e  cor rec t  s t r eng th  value f o r  r e a d i l y  ava i l ab le  commercial g l a s ses  
such as "E" g l a s s  before  attempting t o  charac te r ize  t h e  UARL experimental  f i b e r s .  
A t  t h i s  t i m e  we a r e  ab le  t o  measure a s t rength  of 415,000 p s i  f o r  E g l a s s  f i b e r s  
prepared i n  our own labora tory  i n  cont ras t  t o  t h e  published value of  530,000 p s i  
f o r  commercially produced g l a s s  f i b e r .  The source of t h e  discrepancy has not 
y e t  been reso lved  but could l i e  i n  t h e  f a c t  t h a t  t h e  s impl i f ied  f iber -pul l ing  
apparatus  employed at UARL may produce f i b e r s  whose c h a r a c t e r i s t i c s  a r e  a t  
var iance  wi th  those  produced i n  t h e  usual commercial f i b e r  bushing. 

Research t o  da te  i n  t h i s  laboratory has concentrated on l ea rn ing  

The number of o r i g i n a l  g l a s s  compositions prepared and melted i s  now two 
hundred and eighteen.  Glass compositions i n i t i a t e d  i n  t h e  las t  quar te r  included 
nine a d d i t i o n a l  non-si l ica  base g l a s ses  but none of t hese  as y e t  have been 
success fu l ly  made i n t o  mechanically-drawn f i b e r s  even though r e a d i l y  drawn i n t o  
f i b e r s  by hand, Modulus measurements were c a r r i e d  out on t e n  add i t iona l  g l a s s  
compositions from which g l a s s  f i b e r s  could be  made mechanically a t  high r a t e s  of 
speed as w e l l  as a r e p e t i t i o n  of one of  the  UARL higher  modulus g l a s s e s ,  number 
129. The o r i g i n a l  twenty samples t e s t e d  from t h i s  g l a s s  had an average modulus 
of 16.5 m i l l i o n  p s i  while twenty samples from a f r e s h l y  prepared batch of t h e  
same g l a s s  averaged 16.9 mi l l i on  p s i .  

I n  cha rac t e r i z ing  t h e  g l a s s  f i b e r s  produced t o  da t e  more than  a thousand 
The average devia t ion  t o  be  expected i n  modulus measurements have been made. 

such measurements has been ca re fu l ly  evaluated. 
which y i e l d  occasional  high moduli f a r  exceeding t h e  expected range f o m  somewhat 
of an enigma. I n  t h e  l as t  t e s t s  one g l a s s  f i b e r  had a measured modulus of 

For t h i s  reason those  g l a s ses  
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31.5 mi l l i on  p s i ,  i n  e a r l i e r  tes ts  glasses  of somewhat similar chemical composition 
yielded high values of 29.2 mi l l i on  p s i  and 27.4 mi l l i on  p s i .  
ments i nd ica t e  t h a t  i n  some of t hese  f i b e r s  a microstructure  i s  present  such as 
a second immiscible g l a s s  phase or crys ta l s?  Inves t iga t ions  t o  answer t h i s  question 
have been s tar t ,ed a t  IJARL involving transmission e l e c t r o n  microscspjr sf suspect 
f i b e r s  and a de l ibe ra t e  e f f o r t  t o  prepare f i b e r s  from g la s ses  known t o  form phase 
separable systems. 

Can such measure- 

INTRODUCTION 

This i s  t h e  n in th  qua r t e r ly  s t a t u s  report  f o r  Contract NASW-1301 e n t i t l e d  
" Inves t iga t ion  of t h e  Kinet ics  of Crys t a l l i za t ion  of Molten Binary and Ternary 
Oxide Systems". 
November 30, 1967 formed t h e  second quarter  of t h e  second extension t o  t h e  
cont rac t .  The primary objec t ive  of t h i s  cont rac t  i s  t o  ga in  a b e t t e r  understanding 
of t h e  e s s e n t i a l s  of g l a s s  formation by measuring t h e  rate a t  which c r y s t a l l i z a t i o n  
occurs' and t h e  e f f e c t  of anti-nucleating agents on t h e  observed c r y s t a l l i z a t i o n  
r a t e  f o r  systems which tend  t o  form complex t h r e e  dimensional s t r u c t u r e s .  
mination of  t h e  c r y s t a l l i z a t i o n  rate may be ca r r i ed  out by continuously monitoring 
t h e  v i s c o s i t y  and e l e c t r i c a l  conductivity of t h e  molten system as a funct ion of 
t i m e  and temperature with checks of surface tens ion  a t  se lec ted  temperatures.  
The c r y s t a l l i z a t i o n  rate may equally w e l l  be determined by d i r e c t  microscopic 
examination of samples i n  a micro-furnace as shown i n  t h e  f i r s t  sec t ion  of t h i s  
r epor t .  I n  t h i s  program of research on glass formation t h e  question of whether 
or not  a g l a s s  w i l l  form i s  regarded as a r a t e  phenomenon where t h e  p robab i l i t y  
of such g l a s s  formation i s  g rea t ly  increased by employing cooling rates high 
enough t o  defea t  t h e  formation of t h e  complex many-atom three-dimensional molecule. 
This view of  g l a s s  formation j u s t i f i e s  the  considerat ion of oxide systems pre- 
viously thought imprac t ica l  and allows the search f o r  systems which may y i e l d  high 
s t r eng th ,  high modulus g l a s s  f i b e r s  t o  be c a r r i e d  out on an unusually broad bas i s .  

This n in th  quar te r  s t a r t i n g  September 1, 1967 and ending 

Deter- 

Up t o  t h i s  quar te r  g lasses  produced i n  t h i s  program have been l a r g e l y  
charac te r ized  by studying t h e i r  f i be r i za t ion  q u a l i t i e s ,  t h e i r  dens i ty ,  and t h e i r  
e l a s t i c  modulus. I n  genera l ,  no e f f o r t  was made t o  measure t h e  s t r eng th  of t h e  
g l a s s  f i b e r s  produced before  t h i s  quar te r ,  not because we d id  not t h ink  t h e  s t rength  
of t h e  g l a s s  f i b e r s  t o  be f u l l y  as  i n t e re s t ing  as t h e i r  e l a s t i c  moduli, but  
because t h e  s t r eng th  i s  a non-constant cha rac t e r i s t i c  depending on j u s t  how soon 
t h e  measurement i s  made, t h e  atmosphere present ,  t h e  method of measurement and 
o ther  va r i ab le s .  The f i b e r i z a t i o n  c h a r a c t e r i s t i c s ,  t h e  e l a s t i c  moduli of t h e  
g l a s s  and i t s  dens i ty  are by con t r a s t ,  much less  ephemeral i n  nature .  The research 
underway i n  t h i s  labora tory ,  aimed at measuring a meaningful value f o r  t h e  
s t r eng ths  of t h e  experimental g l a s s  f ibe r s  produced, forms t h e  second por t ion  of 
t h i s  r epor t .  

The t h i r d  and concluding sec t ion  of t h e  r epor t  i s  given over t o  t h e  d e t a i l s  
of t h e  new g l a s s  compositions melted and t h e  physical  p roper t ies  of t hese  compo- 
s i t i o n s  excluding s t r eng th ,  

2 



OPTICAL STUDIES OF THE KINETICS OF CRYSTALLIZATION 

The measurements of t h e  rate of growth of c o r d i e r i t e  i n  batch 1 were completed, 
with 30 inore da t a  pa in t s  being t zken.  A l l  of t h e  da t a  a r e  l l s t e d  In Table I acd 
a r e  p l o t t e d  i n  Fig.  1. The add i t iona l  data  completely de l inea te  t h e  curve depic t ing  
t h e  r a t e  of growth of c o r d i e r i t e  i n  ba tch  1, although t h e  m a x i m u m  r a t e  of growth and 
t h e  high temperature end of t h e  curve a r e  t h e  same as i n  t h e  Summary and Quar t e r ly  
S ta tus  Report No. 7. 
f a s t e s t  we have measured t o  da t e .  A t  t h i s  rate of growth measurements can be made 
only f o r  very shor t  t i m e s ,  usua l ly  f o r  30 t o  90 seconds. The high temperature end 
of t h e  curve approaches t h e  liq-ildus temperature t a n g e n t i a l l y  as discussed i n  
Report No. 7 .  The s c a t t e r  i n  t h i s  curve a t  approximately 1325OC i s  assoc ia ted  with 
a change i n  t h e  morphology of t h e  c r y s t a l l i n e  aggregate.  When t h e  melt i s  seeded 
a t  t h i s  temperature,  only a few s ing le  c r y s t a l s  grow on t h e  thermocouple in s t ead  of 
t h e  rounded masses of c r y s t a l s  which grow a t  lower temperatures.  The measurements 
of t h e  s i z e  of t h e  rounded c r y s t a l l i n e  aggregates a r e  made by t r a c i n g  t h e  ou t l ines  
of t h e  aggregates onto t r a c i n g  paper and then circumscribing these  ou t l ines  with a 
s e r i e s  of concentr ic  c i r c l e s .  It i s  then  easy t o  measure t h e  change i n  r ad ius ,  
which represents  t h e  change i n  length  of the  c r y s t a l s ,  as a funct ion of t ime.  
A l t e rna te ly ,  a c i r c l e  can be drawn on t h e  Polaro id  p r i n t s  and then t r a n s f e r r e d  t o  a 
separa te  p iece  of paper. This method of measurement cannot be used f o r  t h e  c l u s t e r s  
of s i n g l e  c r y s t a l s ,  which do not grow w i t h  equal  v e l o c i t i e s .  The measurements on 
these  c r y s t a l s  a r e  made along t h e  length  of t h e  prism, and t h e  m a x i m u m  values  a r e  
reported.  A l l  of our measurements a re  of t h e  change i n  c r y s t a l  l ength  as a func t ion  
of t ime and do not r e f l e c t  t h e  amount of  g l a s s  which has c r y s t a l l i z e d .  This i s  
because of t h e  occurrence of hollow c rys t a l s  which seem t o  occur at a l l  temperatures 
except t h e  higher  and lower temperatures;  t h a t  i s ,  at t h e  f a s t e r  r a t e s  of growth. 
I n  batch 1, t h e  t h r e e  measurements of t h e  r a t e  of so lu t ion  were made upon aggregates 
of c r y s t a l s  and a r e  not as accurate  as the measurements of t h e  r a t e  of growth. 
This i s  because t h e  c r y s t a l s  melt along gra in  boundaries and d r i f t  away from t h e  
thermocouple. However, measurement No. 3, at a temperature of 1412 2 2O , with a 
value of -380 microns pe r  minute is  s u f f i c i e n t l y  accura te  so t h a t  it can be  s t a t e d  
t h a t  t h e  rate of so lu t ion  has a very s teep negat ive s lope.  Solut ion measurements 
should be made upon s i n g l e ,  s o l i d  c r y s t a l s ,  which can be grown a t  temperatures of 
about 1395' i n  batch 1. 

The m a x i m u m  growth r a t e  of  485 microns pe r  minute i s  the  

The ra te  of growth of c o r d i e r i t e  i n  batch 64 w a s  measured, t h e  da t a  a r e  l i s t e d  
i n  Table I1 and p l o t t e d  i n  Fig.  2. The composition of t h i s  batch,  as determined 
by chemical a n a l y s i s ,  i s  51.66 w t  $ Si02, 27.92% Al2O3, 17.2% MgO, and 3.12% Y2O3. 
The m a x i m u m  r a t e  of growth of c o r d i e r i t e  i n  t h i s  g l a s s  i s  190 microns pe r  minute, 
and t h e  l i qu idus  temperature i s  1394 2 2'. 
1393 + 2' f o r  20 minutes showed no measureable change i n  s i z e ,  and c r y s t a l s  a t  a 
temperature  of 1395 + 2' had a r a t e  of so lu t ion  of 8 microns per  minute. 
c o r d i e r i t e  which was-gr0w-n i n  t h i s  g l a s s  was nucleated with seed c r y s t a l s  which 
were suspended i n  d i s t i l l e d  water and then appl ied  t o  t h e  thermocouple, which w a s  
then  lowered i n t o  t h e  g l a s s  i n  t h e  c ruc ib le ,  j u s t  as i n  t h e  e a r l i e r  measurements. 
The c o r d i e r i t e  which w a s  grown i n  t h i s  g lass  had t h e  same c r y s t a l  h a b i t  as t h a t  
which was observed i n  batches 1 and 1-B. The X-ray d i f f r a c t i o n  p a t t e r n  w a s  a l s o  
t h e  same as f o r  t h e  c o r d i e r i t e  grown i n  batches 1 and 1-B. Sapphirine was a l s o  
grown i n  ba t ch  64 and w a s  apparent ly  nucleated by platinum j u s t  as i n  batch 1. 

Crys ta l s  he ld  a t  a temperature of 

The 
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No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10  

11 

1 2  

13 

1 4  

1 5  

16 

- 

17 

18 

19 

20 

21  

22 

Temp. 

1376 2 4 

1189 - + 4 

1415 2 3 

1343 2 4 

1278 2 4 

1139 2 4 

1154 - + 6 

1025 - + 5 

962 2 5 

1278 - + 6 

1297 2 4 

1411 - + 5 

1395 6 

1355 t 5 

1220 + 2 

1155 f 2 

1428 - + 2 

1289 - + 2 

- 

1202 - + 2 

1011 + 4 

1061 + 2 

1249 - + 2 

- 
- 

Table I 

Rate of Growth of Cordier i te  i n  Batch 1 

Rate, /min 

0 i n .  30 min 

47 5 

-20 

11 

250 

360 

320 

42 

5 

250 

183 

0 i n .  5 min 

0 i n .  9 min 

5 

48 5 

370 

-15 

27 5 

330 

25 

88 

425 

No. 

23 

24 

25 

26 

- 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

4 1  

42 

43 

Temp. 

1032 + 2 

1400 f 2 

- 

1334 - + 1 

1285 - + 3 

1253 f 2 

1342 - + 3 

1194 - + 2 

1412 - + 2 

1392 - + 3 

1316 - + 3 

1407 2 3 

1258 - + 3 

1086 - + 6 

1128 - + 4 

1101 - + 4 

1322 - + 2 

1316 - + 3 

1363 f 3 

1296 - + 3 

1305 - + 4 

1328 - + 3 

Rate,  /min 

58 

.2 

100 

27 5 

485 

80 

450 

-380 

0 i n .  12  min 

92 

-2 

475 

200 

340 

200 

103 

100 

2.4 

135 

120 

50 

4 



F910373-9 FIG. I 

EFFECT OF TEMPERATURE UPON THE RATE OF GROWTH OF 
CORDIERITE IN BATCH I 
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No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

- 

16 

17 

18 

19 

20 

21 

Temp. 

1281 - + 2 

1233 2 2 

1271 - + 3 

1088 + 4 

1084 + 2 
- 
- 

974 2 6 

1028 + 4 

1134 - + 2 

1030 - + 6 

1158 - + 4 

1168 + 4 

1186 - + 4 

1118 + 4 

1206 + 2 

1096 - + 3 

1359 2 8 

1366 - + 2 

1378 - + 3 

- 

- 

- 

- 

1395 2 2 

1260 - + 4 

1334 - + 4 

Table I1 

Rate of Growth of Cordier i te  i n  Batch 64 

Rate 

56 

150 

75 

88 

- 

80 

1 5  

37 

13 5 

35 

120 

155 

17 5 

105 

188 

100 

0 i n .  5 min 

2 

0 i n .  10 min 

-8 

120 

30 

No. 

22 

23 

24 

25 

26 

- 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

Temp. 

1366 - + 4 

1393 2 2 

1268 2 3 

1293 2 7 

1279 2 3 

1259 - + 6 

1212 + 2 

1261 - + 4 
- 

1203 + 2 - 
1216 - + 6 

1048 - + 2 

1187 - + 2 

Rate 

3 

- 

0 i n .  20 min 

120 

58 

100 

17 5 

180 

17 5 

190 

17 5 

41 

153 

1260 - + 4 160 

1252 - + 3 150 

1247 - + 2 165 

1333 2 3 a 
1318 - + 4 18 

1143 - + 4 125 

1156 - + 2 140 

1315 - + 2 20 

1340 - + 2 10 

6 



F I G .  2 F910373 - 9 

EFFECT OF TEMPERATURE UPON THE RATE OF GROWTH OF 
CORDIERITE IN BATCH 64 
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The sapphir ine w a s  allowed t o  c r y s t a l l i z e  f o r  a longer  per iod of time ( 3  hours a t  
1 1 6 5 O )  than  w a s  t h a t  grown i n  batch 1 and t h e  X-ray d i f f r a c t i o n  p a t t e r n  w a s  of 
b e t t e r  q u a l i t y ,  with even b e t t e r  agreement with t h e  data obtained from t h e  ASTM 
cards .  

The rate of growth of c o r d i e r i t e  i n  batch 63 i s  shown i n  Fig.  3 and t h e  data 
a r e  l i s t e d  i n  Table 111. The composition o f  th i s  g l a s s ,  as determined by chemical 
ana lys i s ,  is  53.5 wt % Si02,  23.08% Al2O3, 17.24% MgO, and 5.64% La2O3. The 
maximum r a t e  of growth of c o r d i e r i t e  i n  t h i s  g l a s s  w a s  66 microns per  minute, which 
i s  about 1/3 of t h e  m a x i m u m  r a t e  observed i n  batch 64 and about l / 8  of t h a t  observed 
i n  batch 1. The l iqu idus  temperature o f  t h i s  g l a s s  i s  1350 5'. The smaller  
nanount of s c a t t e r  i n  t h i s  data i s  due t o  t h e  slower growth r a t e s ,  which allow t h e  
measurements t o  be made over longer periods of t i m e ,  while t h e  measurements of 
c r y s t a l  s i z e  can be made with t h e  same prec is ion .  It i s  probable t h a t  sapphir ine 
w i l l  nuc lea te  and grow i n  t h i s  g l a s s  as i n  t h e  o the r s ,  but  t h i s  has not y e t  been 
determined. 

The rate of d e v i t r i f i c a t i o n  of a glass-forming system i s  usua l ly  considered 
t o  be propor t iona l  t o  t h e  amount of undercooling below t h e  l i qu idus  temperature 
and inve r se ly  propor t iona l  t o  t h e  v i scos i ty  of t h e  system. This suggests  t h a t  t h e  
slower r a t e  of growth i n  batch 1-B, as compared t o  t h a t  observed i n  batch 1, i s  
due t o  increased  v i s c o s i t y  because of  t h e  higher  s i l i c a  content .  I n  ba tch  64 
( see  Table I V  f o r  g l a s s  compositions, l iqu idus  temperatures,  m a x i m u m  r a t e s  of 
growth and temperatures at which the  maximum growth r a t e  occur s ) ,  which conta ins  
3.1% y t t r i a  i n  add i t ion  t o  t h e  base g l a s s  of magnesia, alumina, and s i l i c a ,  
t h e  v i s c o s i t y  versus  temperature curve (Fig. 4 )  i s  not g r e a t l y  d i f f e r e n t  from 
t h a t  of ba tch  1, and y e t  t h e  m a x i m u m  r a t e  of growth i n  No. 64 i s  l e s s  than  
one-half of t h a t  measured i n  batch 1. I n  batch 63, which contains  5.6% lan thana ,  
t h e  v i s c o s i t y  i s  much lower than  i n  batches 64 and 1 a t  t h e  same temperature,  
but  t h e  m a x i m u m  r a t e  of growth i s  about one-eighth of t h a t  observed i n  batch 1. 

These observat ions suggest t h a t  t h e  m a x i m u m  r a t e  of c r y s t a l  growth can be 
a f f e c t e d  by changing t h e  v i scos i ty  of t h e  system, or by adding l a r g e r  ca t ions  
( Ion ic  radi i  are l i s t e d  i n  Table I V )  which cannot be e a s i l y  incorporated i n t o  t h e  
c r y s t a l  which i s  growing i n  t h e  g l a s s .  These l a r g e  ca t ions  could become concen- 
t r a t e d  i n  t h e  g l a s s  surrounding t h e  growing c r y s t a l  as t h e  o ther  ca t ions  (Mg++, 

m a x i m u m  rate of c r y s t a l  growth could be the  d i f fus ion  of Mg", A l + + + ,  and Si++++ 
t o  t h e  growing c r y s t a l  and/or t h e  d i f fus ion  of t h e  fore ign  ions away from t h e  
c rys t a l -g l a s s  i n t e r f a c e .  If t h i s  were the  case ,  one would expect t h a t  t h e  r a t e  
of change i n  s i z e  of t h e  c r y s t a l  as  a funct ion of time a t  a constant temperature 
would decrease as t h e  concentrat ion of foreign ions i n  t h e  g l a s s  increased.  Two 
r e p r e s e n t a t i v e  growth curves f o r  c o r d i e r i t e  i n  batches 1 and 63 a r e  shown i n  
Fig.  5. It can be seen t h a t ,  f o r  t h e s e  r e l a t i v e l y  shor t  times, t h e  r a t e  of change 
of c r y s t a l  l eng th  i s  l i n e a r  as a funct ion of t ime. It i s  probable t h a t  measurements 
with t h e  e l e c t r o n  microprobe could be usefu l  i n  e luc ida t ing  t h e  mechanism by which 
t h e  rate of c r y s t a l  growth can be s o  s i g n i f i c a n t l y  a l t e r e d .  These measurements 
could show concent ra t ion  gradien ts  wi th in  t h e  g l a s s  which surrounds t h e  c r y s t a l  and 
a l s o  whether t h e  y t t r i a  and t h e  lanthana a re  incorporated i n t o  t h e  c o r d i e r i t e  
c r y s t a l .  It i s  we l l  e s t ab l i shed  t h a t  c o r d i e r i t e  has channels extending through 

) a r e  being incorporated i n t o  t h e  c r y s t a l .  The f a c t o r s  l i m i t i n g  t h e  A1+++ , Si++++ 
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EFFECT OF TEMPERATURE UPON T H E  RATE OF GROWTH OF 
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No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

- Temp. 

1189 - + 2 

1182 + 2 

900 2 5 

- 

1213 2 2 

1198 5 2 

1156 - + 3 

1138 2 2 

1178 L 3 

1103 2 2 

1067 - + 4 

1219 2 3 

1144 - + 4 

1272 2 

Table 111 

Rate of Growth of Cordier i te  i n  Batch 63 

Rate - 
63 
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0 i n .  10 min 

54 

59 

56 
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40 
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48 

48 

16 

No. 

14 

15 

- 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

Temp. 

959 5 4 

1069 5 2 

1010 + 3 

1272 - + 2 

- 

1383 5 2 

1353 2 4 

1294 - + 2 

1331 - + 4 

1266 - + 2 

1226 - + 2 

1253 t 2 

1347 2 2 

836 2 2 

Rate - 
2 

23 

9 

11 

-15 

0 i n .  30 min 

5 

1 

16 

45 

32 

slow 
s o l u t i o n  

0 i n .  120 min 
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Table I V  

Liquidus M a x .  Growth Rate, 
Batch No. Comp. ( w t % )  Temperature CC /min 

1 51.1 Si02 1410 - + 3' 485 
29.7 A1203 

I 18.9 MgO 

1-B 55.0 Si02 1435 2 5' 300 
I 

30.0 A1203 
15.0 MgO 

51.66 s i 0 2  1394 - + 2 190 
27.92 A1203 
17.20 MgO 

3.12 Y2O3 

64 

~ 

I 63 53.50 Si02 1350 5 66 
23.08 A1203 
17.24 MgO 

5.64 La203 

Ionic  Radi i  i n  Angstroms* 

Temp. of 
M a x .  Growth 

Rate 

1225' 

1225O 

1225 

1180 

"Ahrens, L.  H . ,  Geochim e t  Cosmochim. Acta, 2 ,  (1952) p .  155-169 - 
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I VISCOSITY- TEMPERATURE CURVES FOR THREE GLASSES 
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REPRESENTATIVE GROWTH CURVES FOR CORDIERITE, 
THE INCREASE OF CRYSTAL LENGTH WITH TIME 
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t h e  c r y s t a l  stri c tu re  rhich a r e  p a r a l l e l  t o  t h e  "c" axis, which a l s o  i s  t h e  
d i r e c t i o n  of f a s t e s t  growth. These channels which can contain a l k a l i  ions and 
water molecules should a l s o  be ab le  t o  contain t h e  y t t r ium and lanthanum ions .  
It may be poss ib l e  t h a t  if these  ions a r e  incorporated i n t o  t h e  c r y s t a l ,  t hey  may 
cause a per turba t ion  i n  a growth s t e p ,  such as i n  a screw d i s loca t ion  mechanism. 
Microprobe measurements could a s c e r t a i n  i f  these  l a r g e r  ca t ions  a r e  contained i n  
t h e  c r y s t a l .  

THE PRELIMINARY RESEARCH TOWARD THE ASSIGNMENT OF A 
MEANINGFUL VALUE TO THE STRENGTH OF GLASS FIBERS 

Tens i le  Test ing of Glass Fibers  

Because of t he  s e n s i t i v i t y  of g l a s s  f i b e r  t o  sur face  damage t h a t  can be 
i n f l i c t e d  by winding on a drum, or other  contac t ,  and by exposure t o  uncontrol led 
atmosphere f o r  a f i n i t e  length  of t i m e ,  it has  beome t h e  p r a c t i c e  t o  r epor t  so  
c a l l e d  "v i rg in  s t rength"  of f r e sh ly  drawn glass f i b e r .  
captur ing a sample of f i b e r  between t h e  bushing and t h e  winding drum, and 
measuring t h e  t e n s i l e  s t r eng th  as soon as possible  and before  any obvious damage 
has occurred t o  t h e  f i b e r .  
s h o r t l y  after capture  between bushing and winding drum, and measurements on 
f i b e r s  o f f  t h e  winding drum has been shown dramatical ly  by W. F .  Thomas (Ref. 1). 
Figure 6 compares t h e  s t r eng th  measured by Anderegg (Ref. 2 )  off  t h e  winding 
drum with Thomas' da t a  f o r  v i r g i n  f i b e r s .  
of s t r eng th  on f i b e r  diameter shown by t h e  da t a  of Anderegg and many o ther  
authors  i s  t h e  r e s u l t  of t h e  g rea t e r  s u s c e p t i b i l i t y  of t h e  l a r g e r  f i b e r s  t o  
damage, and that  t h e  s t r eng th  of g l a s s  f i b e r  i s  independent of diameter provided 
t h a t  care  i s  taken t o  avoid damage during sampling and t e s t i n g .  
i n t e r e s t  i n  t h e  work of Thomas i s  t h e  extremely low s c a t t e r  i n  t h e  s t r eng th  
da t a  which he obtained on v i r g i n  f i b e r s  t e s t e d  within t e n  minutes of capture .  
Typica l ly ,  he found t h a t  i n  t e s t i n g  50 samples of E g l a s s  f i b e r  produced under 
t h e  same experimental  condi t ions ,  a l l  samples had s t r eng ths  between 530,000 and 
560,000 p s i .  

This i s  accomplished by 

The d i f fe rence  i n  s t r eng th  measured on g l a s s  f i b e r s  

Thomas considers  t h a t  t h e  dependence 

Of p a r t i c u l a r  

Preliminary Experiments 

Before at tempting t o  measure t h e  v i rg in  s t r eng th  of UAC experimental  g l a s s e s ,  
it w a s  considered necessary t o  make measurements on a known g la s s  using t e s t i n g  
equipment and f i b e r  producing f a c i l i t i e s  ava i lab le  i n  these  l a b o r a t o r i e s  f o r  
comparison wi th  previously published r e s u l t s .  
experiments s ince  marbles of t h i s  composition could be obtained commercially, 
and because E g l a s s  has been extensively s tudied.  

E g l a s s  w a s  s e l ec t ed  f o r  prel iminary 
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Fibe r i za t ion  Techniques 
~ 

The f i b e r i z a t i o n  equipment and technique previously descr ibed i n  Quar t e r ly  
I Progress Report No. 7 were used t o  produce E g l a s s  f i b e r s  varying i n  diameter from 

appi-oximately 0.5 to 1.9  m i l s .  In the  f i r s t  r i u e l  -i I,5a.C,L.U eo+; en ~. l ,n U A & S  , E glass narbles 
were crushed t o  f r i t  which w a s  changed i n t o  t h e  platinum c ruc ib l e s .  
procedure r e s u l t e d  i n  very seedy g l a s s  because of t h e  many bubbles t rapped i n  
t h e  molten g l a s s .  I n  subsequent runs ,  t h e  as-received marbles were cleaned i n  
an u l t r a son ic  degreaser ,  r i n sed  seve ra l  times with t a p  water ,  given a l i g h t  e t c h  
with hydrofluoric  ac id ,  then  r insed  and s to red  under d i s t i l l e d  water u n t i l  charged 
i n t o  t h e  c ruc ib l e .  The reduct ion i n  seediness r e s u l t i n g  from t h e  l a t t e r  procedure 
i s  shown i n  Fig.  7. 

However, t h i s  

~ Fiber  Capture 
I The capture  device i s  shown i n  Fig.  8. This cons i s t s  of two p a i r s  of sheers  

ac tua ted  by a common l eve r .  
s tock and the f ace  addressing t h e  f i b e r  i s  coated with double-sided s t i c k y  t ape .  
Attached t o  t h e  outer  sheer  of each p a i r  i s  a block which presses  t h e  f i b e r  onto 
t h e  t ape  an i n s t a n t  a f t e r  t h e  f i b e r  has been sheared. With t h e  sheers  i n  t h e  
v e r t i c a l  pos i t i on ,  t h e  lower p a i r  of sheers i s  ad jus ted  so  t h a t  it cuts  t h e  
f i b e r  an i n s t a n t  before  t h e  upper sheer c loses  so  t h a t  t h e  captured f i b e r  i s  not 
i n  tens ion .  Af te r  t h e  f i b e r  drawing process has been i n i t i a t e d  and brought t o  
a s teady s t a t e  a t  t h e  des i red  experimental condi t ions ,  a sample i s  captured 
manually with t h e  sheers .  

The inner  sheer of each p a i r  i s  made of 1/4 i n .  

I 
I 

Fiber  Testing 

The f i b e r  t e s t i n g  machine used i n  these  prel iminary experiments, shown as 
Fig.  9 ,  w a s  developed at UAC, and has been descr ibed i n  t h e  l i t e r a t u r e  (Ref. 3 ) .  
The f i b e r  i s  mounted between t h e  moving crosshead ( A )  and t h e  s t a t iona ry  cross- 
head with r e d  sea l ing  w a x  which i s  melted by nichrome hea te r s  underneath t h e  
f i b e r  mounting tabs.  The crosshead moves a t  a constant  r a t e  of 0.77 mm/rnin. 
The load c e l l  which i s  mounted on t h e  s t a t iona ry  crosshead i s  of t h e  s t r a i n  
guage type ,  i s  temperature compensated, and responds only t o  load components i n  
t h e  d i r e c t i o n  of t h e  f i b e r  axis. An e l ec t ron ic  bridge c i r c u i t  monitors t h e  load 
c e l l ,  which i s  c a l i b r a t e d  by placing t h e  t e s t  device i n  t h e  v e r t i c a l  p o s i t i o n  
and suspending labora tory  weights from the load  c e l l .  The c a l i b r a t i o n  curve f o r  
t h e  load c e l l  used i n  t h e s e  experiments i s  shown i n  Fig.  10 .  The shor t  term 
d r i f t  of t h e  br idge  c i r c u i t  mounts  t o  two percent  of f u l l  s ca l e  de f l ec t ion .  

Immediately following f iber  capture  the  f i b e r ,  s t i l l  he ld  by t h e  shee r s ,  
i s  placed i n  pos i t i on  on t h e  mounting tabs  which have been preheated t o  melt  t h e  
w a x .  The f i b e r  w a s  then  cu t  f r e e  from the  capture  sheers  and t h e  wax allowed t o  
harden. Without forced cooling of t h e  t abs ,  t h e  wax would become s u f f i c i e n t l y  
hard t o  permit t e s t i n g  i n  about f i f t e e n  minutes. Subsequently, a p a i r  of water 
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cooled t abs  w a s  a f f ixed  which permit ted more r ap id  t e s t i n g .  A s a t i s f a c t o r y  

f i b e r s  mounted i n  t h e  sea l ing  w a x  slowly cooled o r  forced  cooled f requent ly  
s l ipped ,  r e s u l t i n g  i n  a je rky  loading r a t h e r  than a smooth loading r a t e .  

, cooling r a t e  permit ted t e s t i n g  about four  minutes a f t e r  capture .  However, g l a s s  

I 
I A s  wel l  as t e s t i n g  f i b e r s  captured as  described above, spooled f i b e r  w a s  

a l s o  t e s t e d  a f t e r  5 days of normal laboratory s torage  t o  a s ses s  t h e  e f f e c t s  of 
spooling and s torage  on f i b e r  s t r eng th .  

Two kinds of f r a c t u r e  were noted which we s h a l l  c a l l  "normal" and "fly-out". 
Low s t r eng th  f i b e r s  ( s t r eng th  below about 300,000 p s i )  , usual ly  those  t h a t  were 
measured af ter  s torage ,  exhib i ted  "normal" f r a c h r e .  I n  t h i s  case f a i l u r e  
occurred wi th in  t h e  guage length  (approximately one inch )  and t h e  f i b e r  ends on 
e i t h e r  s i d e  of t he  f r a c t u r e  were r e t a ined  i n  t h e  t e s t i n g  apparatus .  I n  t h e  case 
of f i b e r s  exh ib i t i ng  s t rengths  above 300,000 p s i ,  a f t e r  f r a c t u r e ,  it w a s  f r e -  
quently found t h a t  t h e  f i b e r  was broken away a t  e i t h e r  g r i p ,  or sometimes broken 
away a t  one g r i p  while s t i l l  p ro jec t ing  from t h e  o the r .  
ends would be found pro jec t inn  from both g r i D s  but t h e  cen te r  s ec t ion  was missing. 
Attempts were made t o  photograph t h i s  mode of f r a c t u r e .  The f r a c t u r e  event could 
not be recorded a t  500 frames per  second; one frame of a f i lm  s t r i p  would show 
t h e  i n t a c t  f i b e r  mounted i n  t h e  t e s t i n g  machine, and i n  t h e  next frame t h e  f i b e r  
would be gone. 

' 
Occasionally t h e  f i b e r  

Measwenent o f  Fiber Diameter 

Severa l  techniques f o r  measuring f i b e r  diameter were inves t iga t ed  and t h e  
I r e s u l t s  compared. These were: (1) mechanical measurement using a Johansen d i a l  

guage, ( 2 )  s ca l ing  of high magnification photographs of t h e  f i b e r s ,  and ( 3 )  use 
of a Watson two color  s p l i t  i m a g e  eye piece i n  conjunction with the  petrographic  
microscope. Measurement of lengths  of f i b e r  by a l l  t h r e e  methods gave t h e  same 
f i b e r  diameter t o  within one ha l f  of one percent.  The Watson s p l i t  image eye 
p iece  w a s  adopted as t h e  s tandard diameter measuring technique because of i t s  

I 

, g r e a t e r  convenience, The t y p i c a l  va r i a t ion  i n  diameter over a two inch length  
I of g l a s s  f i b e r  produced i n  t h e  f i b e r i z i n g  equipment w a s  f i v e  percent on f i b e r s  

of nominally one m i l  diameter. 

Af t e r  breaking a sample i n  t h e  t e s t i n g  apparatus ,  t h e  f i b e r  diameter w a s  

diameter w a s  measured on t h e  sec t ion  of f i b e r  t h a t  extended beyond t h e  outs ide  
of t h e  mounting t a b s .  

I measured ad jacent  t o  t h e  f r a c t u r e  where possible .  I n  t h e  case of "fly-out",  

I 

I Experimental Resul ts  

S t r eng th  da ta  obtained f o r  captured and spooled E g l a s s  f i b e r s  a r e  recorded 
i n  Table v .  The p rec i s ion  of t h e  s t rength  measurements S can be assessed by 
consideping t h e  uncer ta in ty  i n  t h e  load measurement b L ,  and i n  t h e  diameter 
measurement A d  from t h e  equation 
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F910373-9 Table V 

S t rength  Data 

a J L  r l w  

8 5  m z  

E-1 
E-2 
E-3 
E-4 
E-5 
E-6 
E-? 
E- 8 
E-9 
E-10 
E-11 
E-12 
E-13 
E-14 
E-15 

E-17 
E-18 
E-19 
E-20 
E-21 
E-22 
E-23 
E-24 

E-16 

E-25 
E-26 
E-27 
E-28 
E-29 
E-30 
E-31 
E-32 
E-33 
E-34 
E-35 
E- 36 
E-37 
E-38 
E-39 
E-40 
E-41 
E-42 
E-43 

W s 
uI2 
f i k  
.rl aJ r i a  

2 %  
1237 

1242 
1244 

1248 
1250 
1252 

1246 

1267 

1247 
1245 
1252 
1264 
1268 

1266 
1262 

1267 
1267 
1255 
1264 
1281 
1280 
1270 
1266 
1251 
1250 
1252 
1252 
1252 

1268 

1266 

a 
W a 0) 

.?: 
4 1 0  
4.. 1 *  a c  

4.5 

6.2 
8.3 
10.5 
8.8 

4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
16.3 
16.3 
16.3 
16.3 
16.3 

-15 

-15 
-15 

-1 5 
-15 
-1 5 
-1 5 

-1 5 

-15 
-1 5 
-1 5 
-1 5 
-4 
-4 
-4 
-4 
-4 
-4 
-4 

-1 5 
-1 5 
-1 5 
-1 5 
-4 
-4 
-4 
-4 
-4 

0.08 2 0.01 

0.34 0.01 
0.33 5 0.01 
0.26 20.01 
0.07 z 0.01 
0.22 0.01 
0.07 z 0.01 
0.11 z 0.01 

0.27 20.01 
0.41 z 0.01 
0.10 2 0.01 
0.18 2 0.01 
0.15 0.01 
0.06 2 0.01 
0.52 0.01 
0.10 0.01 
0.27 2 0.01 
0.12 0.01 
0.465 0.01 
0.465 2 0.01 
0.77 2 0.02 

0.11 0.01 

0.515 2 0.02 
0.88 + 0.025 
0.66 0.025 
0.64 tO.025 - 
0.75 2 0.025 
0.75 2 0.025 
0.86 + 0.025 
0.77 z 0.025 
0.66 + 0.025 
0.73 0.025 
0.73 : 0.025 
0.64 2 0.025 
0.60 2 0.025 
0.73 2 0.025 

0.14 2 0.01 

0.14 0.01 

0.12 2 0.01 

0.12 2 0.01 

L 
W v 

3 %  
.r( + I  
Q -  

L r n  
W d  
P .rl 
'3 a h- 

1.02 

1.06 
1.13 
0.99 
0.85 
0.78 
0.62 
0.57 

1.11 
1-91 
1.28 
1.05 
1.06 
1.11 
0.605 
1.41 
1.05 
1.37 
1.28 
1.32 
1.21 
1.68 
1.52 
1.45 
1.61 
1.36 
1.45 
1.76 
1.56 
1.42 
1.38 
1.42 
1.39 
1.52 
1.49 
1.33 
0.720 
0.635 

m 

90 20 normal 

390 z 50 f l y  out  
330 43 f ly  out  
340 47 f ly  out  
120 + 27 normal 
460 5 67 f ly  out  
230 2 55 n o r m a l  
440 2 83 f ly  out  

114 % 22 normal 
89 + 11 normal 
318 z 40 f l y  out  
115 5 30 normal 
204 2 32 n o r m a l  
155 % 26 normal 
208 2 55 f ly  out  
333 5 40 f l y  ou t  
116 2 32 normal 
184 5 25 f ly  out  
93 z 17 normal 
337 41 f ly  out 
405 + 49 f l y  out  

285 + 40 f ly  o7ut 
532 T 68 f ly  out  
336 46 f ly  out 

348 I 44 f ly  out 

441 z 61 f l y  out  
454 + 60 f ly  Out 
308 41 f l y  out  
4L8 + 60 f l y  out  
484 64 f ly  out  
442 + 6 1  f l y  out  
460 62 f ly  out  
480 z 64 f ly  out  
353 49 f ly  out  
343 47 f ly  out  

296 54 f l y  out  
452 + 77 f ly  out  

525 : 70 f l y  Out 

0.727 290 z 53 f ly  o u t  
0.645 430 z 73 f ly  out  

0.15 5 0.01 0.560 607 110 f l y  out  

W + 
z 

f i b e r  damaged, not t e s t e d  

samples E-1 through E-10, v i r g i n  s t r e n g t h  
measurements on glass f i b e r s  from seedy batch 
see  F i g .  7 

f i b e r  damaged, not t e s t e d  

samples E-11 through E-21 t e s t e d  a f t e r  s torage  on winding 
drum f o r  f i v e  days 

samples E-22 through E-43 a r e  virgin measurements on 
r e l a t i v e l y  seed-free g l a s s  
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Since fly-out prevents  measurement of diameter a t  po in t  of f r a c t u r e ,  t h e  r e l a -  
t i v e  uncer ta in ty  i n  t h e  diameter w a s  f i v e  percent s ince  t h i s  w a s  found t o  be 
t h e  v a r i a t i o n  i n  diameter over a two inch length.  The r e l a t i v e  uncer ta in ty  i n  
t h e  load a t  f r a c t u r e  va i r e s  with t h e  load because of t h e  sho r t  term d r i f t  i n  
t h e  e l e c t r e n i c s  (two n~rr-n+ E-& sf f l d l  scale!. This ,  t h e r e  i s  a greater  imccr- 
t a i n t y  i n  t h e  load f o r  f i b e r s  t h a t  fa i led  a t  low loads than  f o r  f i b e r s  which 
f a i l e d  at  high loads.  
equation (1) i s  recorded i n  Table V .  

The uncer ta in ty  ca lcu la ted  f o r  each s t r eng th  value from 

Except f o r  3 measurements (E-1, E-6, and E-8) a l l  v i r g i n  f i b e r s  exhib i ted  
. f ly-out  f r a c t u r e  and had s t r eng ths  above about 300,000 p s i .  The th ree  low 

I values  were obtained on f i b e r s  pu l l ed  from t h e  seedy melt and presumably r e s u l t e d  
from ent ra ined  bubbles. 
as a func t ion  of f i b e r  diameter,  with drawing temperature and elapsed time before  
t e s t i n g  as parameters i n  Fig. 11. Fibers  t e s t e d  from t h e  winding drum a f t e r  f i v e  
days a r e  p l o t t e d  i n  Fig.  12.  

The remaining v i r g i n  s t r eng th  measurements a r e  p l o t t e d  

Discussion 

The v i r g i n  s t r eng th  values a r e  apparently random w i t h  no c l e a r  c o r r e l a t i o n  
with f i b e r  diameter,  forming temperature,  o r  time u n t i l  t e s t i n g .  Although some 
of t h e  s t r eng th  values a r e  as high as those repor ted  by Thomas (Ref. 11, t h e  
mean value of  415,000 p s i  i s  twenty percent lower, and t h e  s c a t t e r  of t h e  s t r eng th  
values  i s  two orders  of magnitude g r e a t e r ,  than  those  of Thomas. Winding f i b e r  
on a drum and t e s t i n g  a f t e r  f i v e  days r e su l t ed  i n  a mean s t r eng th  lower by a 
f a c t o r  of t w o  than  t h e  mean s t r eng th  of the  v i r g i n  f i b e r s .  
t e s t  UAC experimental  g l a s s  f i b e r s ,  we s h a l l  attempt t o  improve on our sampling 

s t r eng th  measurements and hopeful ly ,  t o  reduce t h e  s c a t t e r .  

I 

Before proceeding t o  

l and t e s t i n g  f a c i l i t i e s  and techniques,  both t o  increase  t h e  p rec i s ion  of ind iv idua l  

I Severa l  f a c t o r s  a r e  suspect as sources of low s t r eng th  va lues ,  and t h e s e  
w i l l  be inves t iga t ed .  

The s t r e n g t h  measurements were made i n  t h e  labora tory  which i s  a l s o  used f o r  
batching and melting. Because of t h e  need f o r  v e n t i l a t i o n  and exhaust systems 
t h e r e  a r e  f a i r l y  s t rong  drafts i n  t h e  a rea .  Although g r e a t  care  i s  exerted t o  
maintain c l ean l ines s  , considerable  a i rborne dust  from batch materials i s  
i n e v i t a b l e .  Airborne dust  p a r t i c l e s  impinging on t h e  f i b e r s  before  f r a c t u r e  
could r e s u l t  i n  i n i t i a t i o n  of sur face  flaws t h a t  would decrease s t r eng th .  

The f ly-out  type of f a i l u r e  exhibi ted by r e l a t i v e l y  high s t r eng th  specimens 
I leads t o  unce r t a in ty  as t o  t h e  v a l i d i t y  of a measurement, f i r s t l y  because it i s  

not poss ib l e  t o  assess  whether t h e  i n i t i a l  f a i l u r e  w a s  wi th in  t h e  guage length  
or r a t h e r  occurred a t  t h e  g r i p  as a r e s u l t  of superimposed bending s t r e s s e s  
r e s u l t i n g  from misalignment, and secondly because t h e  f i b e r  diameter cannot be 
measured. a t  t h e  poin t  of f r a c t u r e .  
i n  t h e  guage length ,  and as t h e  f r a c t u r e  progresses,  a bending moment would be 
imposed t h a t  would impart a whiplash t o  the  ends of t h e  f i b e r .  

Presumably, a f i b e r  could f r a c t u r e  i n i t i a l l y  

The whiplash may 
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r e s u l t  i n  secondary f r ac tu res  a t  or near the  g r i p s .  Thomas (Ref. 1) does not 
repor t  t h i s  f ly-out mode of f r a c t u r e .  
of h i s  t e s t  apparatus a r e  s u b s t a n t i a l l y  d i f f e r e n t  from those  of t h e  t e s t  apparatus 
used i n  these  experiments, and/or because the  diameter of h i s  f i b e r s  was smaller .  

This may be because t h e  damping dynamics 

Another poss ib l e ,  and perhaps a major, source of low s t r eng th  values  a l s o  
assoc ia ted  with t h e  t e s t i n g  apparatus i s  s l ippage of t h e  f i b e r  i n  t h e  g r i p s .  It 
has been observed t h a t  as t h e  load i s  appl ied,  although crosshead motion i s  uni- 
form, t h e  s t r e s s  r a t e  is  not .  The load w i l l  f requent ly  f a l l  momentarily during 
a t e s t  as t h e  f i b e r  s l i p s  i n  t h e  w a x ,  then r i s e s  again as t h e  f i b e r  i s  regripped.  
Thus, t h e  f i b e r s  a r e  subjected t o  s t r e s s  t r a n s i e n t s  of unknown rnagnitude r a t h e r  
than t o  t h e  des i r ed  uniform s t r a i n  r a t e .  

Se lec t ion  and Preparat ion of New 
Glass Systems f o r  Evaluation 

The th i r ty-seven  new g l a s s  compositions devised,  mixed and melted i n  t h i s  
per iod included e igh t  d i s t i n c t  groups of  g l a s s  compositions as i s  r e a d i l y  apparent 
from Tables V I A ,  B,  C, D. Possibly,  t h e  most unusual of t h e s e  groups i s  t h a t  
given i n  Table VIB based on Morey's o p t i c a l  g l a s s  pa ten t  (Ref. 4 )  with progressive 
s u b s t i t u t i o n  of y t t r ia  f o r  lanthana and z i rconia  f o r  tantalum oxide. These 
ba tches ,  i n  genera l ,  gave g l a s ses  of o p t i c a l  q u a l i t y  from which f i b e r s  could be 
pu l l ed  by hand with ease but  from which we were completely unable t o  mechanically 
draw f i b e r s  using t h e  simple UARL procedure descr ibed i n  our e a r l i e r  r e p o r t s .  

The next most unusual g l a s s  batches a re  probably t h e  two barium s i l i c a t e s  
The purpose i n  working with these  two very simple b inary  I l i s t e d  i n  Table V I C .  

g l a s s  compositions i s  t o  attempt t o  produce g l a s s  f i b e r s  with two s t a b l e  immiscible 
completely in t e rpene t r a t ing  phases (Ref. 5 )  t o  see  how such s t r u c t u r e s  a f f e c t  

obtained from t h e s e  batches as y e t ,  s ince  t h e  high temperatures requi red  can only 
be achieved i n  our platform k i l n  when a l l  of t h e  super-kanthal ha i rp ins  used i n  

I e l a s t i c  modulus and s t rength .  No attempt has been made t o  f i b e r i z e  t h e  g l a s ses  

I t h i s  k i l n  are r e l a t i v e l y  new. 

The o t h e r  twenty-nine compositions l i s t e d  i n  t h e  var ious p a r t s  of Table V I  
a r e  c l o s e r  t o  t h e  types  of g l a s s  batches melted e a r l i e r  i n  t h i s  program. 
s i t i o n s  182 through 187 contain more of the  usua l  g l a s s  making ingredien ts  than  i s  
customary i n  t h i s  research  i n  an e f f o r t  t o  tailor-make t h e  c h a r a c t e r i s t i c s  of t h e  
g l a s s  ba tch  t o  increase  working range, decrease sur face  t ens ion ,  decrease v i s c o s i t y ,  
and lower prepara t ion  temperatures.  
continue t h e  usua l ly  high magnesia t o  alumina r a t i o  se l ec t ed  on t h e  basis of a 
previous UARL g l a s s  having high modulus t o  dens i ty  r a t i o .  Batches 203 through 205 
a r e  noteworthy inasmuch as they produce o p t i c a l  grade g l a s ses  without any alumina. 
Glasses 216 through 218 continue t h e  study of calcium-aluminate g l a s ses  with only 
token amounts of s i l i c a .  

Compo- 

The group of compositions from 188 through 193 
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Actual Ingredient  

S i l i c a  
Alumina 
Magnesia 
Calcium Carbonate 
Y t t r i u m  Oxalate 
C e r i u m  Oxalate 
Samarium Oxalate 
Lanthanum Oxalate 
Vanadium Pentoxide 
Zirconium Carbonate 
T i t a n i a  
Lithium Carbonate 
Raw Earth Oxalate 

S i l i c a  
Alumina 
Magnesia 
Calcium Carbonate 
Y t t r i u m  Oxalate 
C e r i u m  Oxalate 
Smarium Oxalate 
Lanthanum Oxalate 
Vanadium Pentoxide 
Zirconium Carbonate 
T i t a n i a  
Lithium Carbonate 
Raw Earth Oxalate 

TABLE VIA 

New Experimental Glass Batches - Grams 

186 
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Actual Ingredient  

Lanthanum Oxalate 
Thoria 
Bar ium Carbonate 
Fused B2O3 
Tantalum Pentoxide 
Vanadium Pentoxide 
Y t t r i u m  Oxalate 
Zirconium Carbonate 

268.5 --- 
54.4 59.8 

143.8 156.3 

43.9 47.7 

75 95 82.0 

76.2 82.7 

--- 248.5 

- 197 

--- 
67.0 
92.8 

177 .O 

54.0 
--- 

282.0 
28.65 

- 198 

--- 
60.0 
77.2 

150 .O 
90.0 

374.0 --- 
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TABLE V I C  

New Experimental Glass Batches - Grams 

201 - .  203 - 20 4 - 20 5 - , Actual Ingredient 

S i l i c a  

Magnesia 
Y t t r i u m  Oxalate 

1 Alumina 

I i Lanthanum Oxalate 
I Cerium Oxalate 

Calcium Carbonate 
B a r i u m  Carbonate 

165.5 

66.1 
78.2 

208.0 
243.0 
--- 

165 - 7  154.7 
78.1 73.0 
66 .o 61.7 

207 5 
--- 226.0 

241.5 227 9 5 

--- 

212.6 176.4 

83.7 

478.0 

--- 

52.9 

201.3 --- 
97.6 

478.0 

46.8 
--- 

101.2 
499 0 

--- 

206 - 208 - 210 - 211 - Actual Ingredient 

S i l i c a  
Alumina 
Magnesia 
Y t t r i u m  Oxalate 
Lanthanum Oxalate 
Cerium Oxalate 
Calcium Carbonate 
Bar ium Carbonate 

185.0 
83.9 

372.0 
--- 
--- 

164.1 
80.8 
68.3 

502.0 --- 

193.0 

74.1 
382.0 

87.8 

--- 

172 5 
81.9 
69.2 

367.0 

154.8 
73.2 
61.8 
--- 

378.0 
75 -9  --- 

381.0 

--- 
84.8 --- 

164.2 --- 
154.0 --- e-- 

212 - Actual Ingredient 

S i l i c a  
Alumina 
Magne s i a 
Y t t r i u m  Oxalate 
Lanthanum Oxalate 
Cerium Oxalate 
Calcium Carbonate 
B a r i u m  Carbonate 

321.0 

257 0 
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TABLE VID 

New Eqerimental  Glass Bat.ches - Grsae 

214 - 215 - 216 - - 217 218 - Actual Ingredient 

224.0 
--- 
22.6 

287.0 
35.3 --- 

63.3 
156.3 

31.8 

e-- 

458.0 

S i l i c a  
Alumina 
Magnesia 
Calcium Carbonate 
B a r i u m  Carbonate 
Lanthanum Oxalate 
Cerium Oxalate 
Y t t r i u m  Oxalate 
Ti tania  (not Ru t i l e )  
Zirconium Carbonate 

323.0 
55 -0 

123.0 

33.0 
173.0 

--- 
178.5 

528.0 
--- 
32.2 

515 - 0  

73.0 
46.6 
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A l l  of t h e s e  experimental g l a s ses  a r e  prepared i n  t h e  usua l  500 gram batch 

The ingredien ts  i n  genera l  are completely mixed dry by tumbling 
using high p u r i t y  (99.9%) alumina c ruc ib les  i n  a i r  i n  t h e  UARL 
ha i rp in  k i l n s .  
and p e l l e t i z e d  t o  f a c i l i t a t e  handling. 
s ince  t h e  use of at. l e a s t  one consti txent.  as e i t h e r  t h e  m a l a t e  or carbonate has 
proven s u f f i c i e n t  i n  genera l  t o  y i e l d  o p t i c a l  q u a l i t y  g l a s s  f r e e  of seed and 
bubbles when t h e  mix i s  he ld  at a temperature of 154OoC or higher  f o r  a per iod of 
two hours.  
however, e l imina te  any poss ib le  o p t i c a l  examination of some of t h e  g l a s ses  obtained 
but  it i s  presumed t h a t  such materials d i d  not r e s u l t  i n  i n f e r i o r  q u a l i t y  g l a s s .  

super-kanthal 

No f i n i n g  agents a r e  added t o  t h e  batches 

, The h ighly  t i n c t o r i a l m a t e r i a l s  used i n  some of t h e  batches does,  

Charac te r iza t ion  of Glass Fibers  Mechanically Drawn 
from Experimental Glass Compositions 

I n  Table V I 1  i s  l i s t e d  a l l  t h e  da t a  obtained t o  date on t h e  measurement of 
Young's modulus on f i b e r s  machine drawn from t h e  experimental g l a s s  batches.  
These r e s u l t s  a r e  f o r  t h e  most p a r t  obtained on specimens measured f o r  us by Lowell 
I n s t i t u t e  of Technology using an Ins t ron  CRE t e s t e r  operated with a machine speed 
of 0.2 i n .  pe r  minute, a char t  speed of 20 i n .  per  minute, a gage length  of 5 i n . ,  
and a f u l l  s c a l e  capaci ty  of 1 .0  pounds. 
coated faces  are used at Lowell f o r  holding t h e  t e s t  specimens. 

I 

I 

I 

A i r  ac tua ted  clamps with f l a t  rubber 

Twenty specimens were taken from approximately t h e  center  por t ion  of each 
spool .  
discarded between each specimen. 
exac t ly  t h i s  manner because many of t h e  spools  had discontinuous odd lengths  of 
f i b e r ,  bu t  i n  genera l ,  t h e  specimens se lec ted  represent  t h e  middle 20 yards of 
f i b e r  rece ived  f o r  t e s t i n g .  

The specimens were e igh t  inches long, with about one yard of f i b e r  being 
It w a s  not always poss ib l e  t o  s e l e c t  f i b e r s  i n  

Three f i b e r  diameter measurements were made i n  t h e  middle three- inch por t ion  
Measurements were made using a monocular microscope of each eight- inch specimen, 

equipped w i t h  an eye p iece  r e t i c u l e  and operated with a magnif icat ion of 774 
I ( 1 8 ~  eye p i e c e ,  42x o b j e c t i v e ) .  Each r e t i c u l e  d iv i s ion  was equal t o  0.092 m i l s .  

The average of t h e  twenty determinations f o r  each f iber  i s  shown i n  Table V I 1  
t oge the r  w i t h  t h e  m a x i m u m  and minimum value of  modulus obtained. A s  w a s  shown i n  
our l as t  r e p o r t ,  t h e  s tandard devia t ion  fo r  twenty observat ions i s  t y p i c a l l y  
1.82 m i l l i o n  p s i ,  i . e .  a value such as  the  16.4 mi l l i on  p s i  measured f o r  UARL 
g l a s s  126 can be said with 99% probab i l i t y  t o  l i e  between 15 .2  and 17.6 mi l l i on  
p s i .  This  has  been again confirmed i n  t h i s  qua r t e r  s ince  twenty r e p e t i t i v e  runs 
on f r e s h l y  prepared samples of UARL experimental g l a s s  129 gave an average value 
of 16.9 m i l l i o n  p s i  compared t o  t h e  value of 16.5 mi l l i on  p s i  on twenty samples 
from t h e  o r i g i n a l  melt of  t h i s  g l a s s .  

From t h i s  po in t  of view, the re fo re ,  it i s  poss ib le  t h a t  we have not a t tached  
s u f f i c i e n t  s ign i f i cance  t o  t h e  extremely high m a x i m u m  modulus value noted on 
t h r e e  occasions.  
ment of 31.5 mi l l i on  p s i ,  UARL g l a s s  159 a m a x i m u m  modulus measurement of 27.4 
m i l l i o n  p s i ,  and UARL g l a s s  40 a m a x i m u m  modulus measurement of 29.2 mi l l i on  p s i ,  

For example, UARL g l a s s  166 y ie lded  a maximum modulus measure- 
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1 4  52.3 
25 49.5 
40 58.4 

62 54.6 
63 54.6 
6 b  54.6 
64 
65 54.6 
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The s t a t i s t i c s  make it appear l i k e l y  t h a t  these  values  a r e  not mere f lukes .  This 
becomes p a r t i c u l a r l y  t r u e  s ince  a l l  t h r e e  of t h e s e  g l a s ses  belong t o  t h e  same 
spec ia l i zed  g l a s s  family.  Can t h e r e  possibly be a microstructure  present  i n  some 
samples of t h e s e  g l a s ses  which can account for t h e s e  s t a r t l i n g l y  high values  of 
Young's med.a~s? We are l amch ing  an intensive t.wo pe.thed inves t iga t ion  t o  s e e  
i f  t h e r e  a r e  any t r u t h s  i n  these  observations by both looking with t ransmission 
e l ec t ron  microscopy f o r  s t r u c t u r e  i n  t hese  g l a s ses  and by purposely melt ing g l a s ses  
known t o  show s t r u c t u r e s  such as two immiscible l i q u i d  phases (Refs.  5 through 27) .  
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